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Edited by Maurice MontalAbstract The pancreatic ATP-sensitive potassium channels
comprise two subunits: SUR1 and Kir6.2. Two SUR1 mutations,
A116P and V187D, reduce channel activity causing persistent
hyperinsulinemic hypoglycemia of infancy. We investigated
whether these mutations cause temperature sensitive misfolding.
We show that the processing defect of these mutants is temper-
ature sensitive and these two mutations disrupt the association
between SUR1 and Kir6.2 by causing misfolding in SUR1 at
37 C but can be rescued at 18 C. Extensive electrophysiologi-
cal characterization of these mutants indicated that low temper-
ature largely, if not completely, corrects the folding defect of
these two SUR1 mutants observed at 37 C.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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ATP-sensitive potassium (KATP) channels are metabolic sen-
sors inhibited by intracellular ATP but stimulated by MgADP
[1]. They are made up of two subunits with the channel pore
formed by Kir6, an inwardly rectifying potassium channel,
which is regulated by the sulfonylurea receptor (SUR) sub-
units. Each subunit contains a RKR motif that causes endo-
plasmic recticulum (ER) retention when they are expressed
alone [2]. Together they assemble to form the octameric KATP
channel, masking all RKR motifs and allowing the channel to
reach the cell membrane. SUR1 and Kir6.2 form the pancre-
atic b-cell KATP channels and are important in controlling
insulin secretion [1]. Inactivating mutations in either subunit
can cause unregulated high level of insulin in patients with per-
sistent hyperinsulinemic hypoglycemia of infancy (PHHI) [3].
SUR is an ATP-binding cassette (ABC) protein [4] compris-
ing two transmembrane domains (TMD1 and 2) and two
nucleotide-binding domains (NBD1 and 2) (Fig. 1). Besides
this ‘‘core domain’’, few members, including SUR, contain
an N-terminal transmembrane domain, TMD0 [4]. TMD0Abbreviations: PCR, polymerase chain reaction; ER, endoplasmic re-
cticulum
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and exhibits high surface expression [5]. Moreover, TMD0
couples to the pore-forming subunit through strong direct
association, increasing the surface expression and the opening
probability (Po) of the RKR-deleted Kir6.2 [5,6].
Two SUR1 mutations, A116P and V187D, have been re-
ported to cause PHHI (Fig. 1) [7,8]. When co-expressed with
Kir6.2 at 37 C, these mutants have been shown to be imma-
ture glycosylated (i.e., misprocessed) and exhibited great
reduction or total abolishment of their functional expression
[6,8,9]. Misprocessing can also be rescued by sulfonylurea, a
SUR1-ligand [9]. We asked whether these two mutations cause
misfolding and if so, whether the misfolding is temperature
sensitive. Here, we present data to prove that these mutations
cause misfolding in SUR1 and show that the processing and
misfolding of these mutants are temperature sensitive. Finally,
we demonstrate that the function of these mutants is com-
pletely rescued at 18 C.2. Materials and methods
2.1. Molecular biology and cells preparation
FLAG-tag was introduced to the N-terminus of SUR1 by polymer-
ase chain reaction (PCR). Mutations were introduced by Quickchange
mutagenesis. Extracellular HA-tag was inserted to Kir6.2 as described
[2]. Constructs were subcloned into pGEMHE or pCDNA3. Oocytes
and RNAs were prepared as described [5]. 6 ng of SUR1 and 1 ng of
Kir6.2 RNAs were injected into oocytes for most experiments. For sin-
gle channel recording, diluted RNA mixtures were used. Oocytes were
incubated at 18 C except otherwise stated (30 C in Fig. 2A). COS7
cells were grown in DMEM/F12 plus 10% fetal bovine serum, penicil-
lin (100 U/ml) and streptomycin (100 lg/ml) at 37 C. Cells were trans-
fected with 2.7 lg SUR1 and/or 1.3 lg Kir6.2 DNA and were
harvested after 48 h.
2.2. Western blotting and immunoprecipitation
Oocyte membranes were prepared as described [5]. COS7 cells from
a 100 mm dish were washed in PBS and scraped oﬀ and resuspended in
lysis buﬀer containing 5 (mM) Tris (pH 8), 1 EDTA, 1 EGTA and 1·
protease inhibitor cocktail. Cells were collected by centrifuging at
5000 rpm at 4 C and resuspended in lysis buﬀer. Cells were passed
through a 26–1/2 gauge needle 5· and homogenized by a polytron.
Debris was pelleted at 5000 rpm for 5 min. and the supernatant was
spun at 200000 · g to pellet the membrane fraction, which was resus-
pended in 60 ll lysis buﬀer. Immunoprecipitations (using M2-agarose
beads) and Western blottings were performed as described [5].
2.3. Electrophysiology
Two-electrode voltage clamp (TEVC) was used to measure whole-
cell currents as described [5]. An Axopatch 200B ampliﬁer (Axon)
was used for patch clamping using the inside-out conﬁguration.ation of European Biochemical Societies.
Fig. 1. The pancreatic KATP channel is made up of Kir6.2 and SUR1.
Kir6.2 comprises two transmembrane segments, a P-loop and the
cytoplasmic N- and C-termini. SUR1 is made up of TMD0 and the
core domain connected together through the cytoplasmic linker L0.
A116P and V187D are two mutations that cause PHHI. The RKR
motifs are located in the cytoplasmic domains of each subunit.
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5 kHz. Pipette solution contained 96 (mM) KCl, 1 MgCl2, 1.8 CaCl2
and 10 HEPES (pH 7.35). Bath solution contained 96 (mM) KCl, 1
EGTA, 1 EDTA and 10 HEPES (pH 7.35). Pipette resistances were
0.5–1.5 MX. ATP solution was prepared from Na2ATP. To compen-
sate for rundown, application of each [ATP] to the patch was brack-
eted by applications of zero [ATP] (Fig. 4). Currents measured at
each [ATP] were normalized to the mean of the currents measured
at the bracket. Single channel recording conditions were similar to
the macropatch recording except the bath solution was ATP-free
and pipette resistances were 4–10 MX. Currents were ﬁltered atFig. 2. Processing and misfolding of A116P and V187D mutants are temp
mutant SUR1 proteins at 37, 30 and 18 C. u: the upper band; l: the lower
the density of the upper band was expressed as a percentage of the total den
those of the WT (n = 3). (C) In the absence of Kir6.2, WT SUR1-AAA (th
upper bands. However, the upper band was not detected for A116P-AAA an
in (A) and (C). (D) Western blots showing the amount of Kir6.2 (indicated
expressed at 37 and 18 C. Anti-HA antibody was used for these West
experiments.2 kHz, sampled at 25 kHz and analyzed using the software written
by Dr. Csanady [10]. The burst duration was determined with a
burst delimiter tcrit (we used 3 ms) that was calculated according to
Jackson et al. [11]. All electrophysiological data were given in
mean ± S.E.M (n P 4) and were obtained at room temperature
(25 C).3. Results and discussion
3.1. Maturation of A116P and V187D SUR1 is temperature
sensitive and requires Kir6.2
We tested whether the maturation of A116P and V187D
SUR1 was temperature sensitive by co-expressing them with
Kir6.2 at three diﬀerent temperatures. WT SUR1 was
expressed alone as a control. At 37 C when expressed alone,
WT existed as one band in Western blot (Fig. 2A). This ‘‘lower
band’’ represented the immature glycosylated SUR1 retained
in the ER. When co-expressed with Kir6.2, an additional
‘‘upper’’ band was detected which represented the SUR1 pop-
ulation that formed complexes with Kir6.2, have exited ER
and acquired mature glycosylation in the Golgi, and were
likely to be on the cell membrane (Fig. 2A). Only the lower
band was found for either A116P or V187D, indicating that
they were retained in the ER. These data conﬁrmed what have
been previously shown [9]. At 30 C, both mutants could form
the mature upper band but the percentage of the upper band
normalized to that of the WT was only 33% for A116P and
86% for V187D (Fig. 2A and B). Interestingly, at 18 C, similar
proportions of WT and mutants matured to form the upper
bands (relative to WT, 96% for A116P and 99% for V187D).
Therefore, the processing of both mutants is temperature
sensitive and is restored to the WT level at 18 C. The reduced
rescue in the processing of A116P compared to V187D aterature sensitive. (A) Western blots showing the processing of WT,
band. (B) The upper and lower bands shown in (A) were scanned and
sities of both bands. Data from each temperature were normalized to
e RKR motif is mutated to AAA) could form both the lower and the
d V187D-AAA. Anti-FLAG antibody was used for the Western blots
by the arrowheads) co-precipitated with WT and mutant SUR1 when
ern blots. The same results were obtained from three independent
K. Yang et al. / FEBS Letters 579 (2005) 4113–4118 411530 C indicates that A116P causes more severe perturbation in
the processing of SUR1.
When expressed at 37 C in the absence of Kir6.2, WT
SUR1 but neither A116P nor V187D have been shown to be
mature glycosylated when their RKR motifs were mutated to
AAA (three alanines) [9]. We found that even at 18 C,
A116P and V187D SUR1-AAA could not mature to form
the upper band (Fig. 2B) in the absence of Kir6.2. Taken to-
gether, the maturation of these mutants requires both low tem-
perature (18 C) and the interaction with Kir6.2.
3.2. A116P and V187D disrupt heteromeric subunits interaction
at 37 C, but not at 18 C, by causing misfolding
One explanation for the temperature sensitive processing of
these mutants is that the mutations cause misfolding in SUR1
that is temperature sensitive. Such phenomenon has been
observed in CFTRD508, the most common CF mutation
[12,13]. To investigate this possibility, we used co-immuno-
precipitation to probe the eﬀect of these mutations on the
physical association between SUR1 and Kir6.2. Since SUR1
physically interacts with Kir6.2 predominantly through its
TMD0 domain [5], this assay should be sensitive to confor-
mational changes in TMD0. Immunoprecipitations were car-
ried out using antibody to pull down SUR1. We found that
WT and mutants co-precipitated similar amount of Kir6.2
when they were expressed at 18 C (Fig. 2C). Therefore, these
mutants must retain a conformation very similar if not iden-
tical to the WT. In addition, these show that neither muta-
tion does directly aﬀect the physical interaction between the
two subunits. On the other hand, when expressed at 37 C,
the amount of Kir6.2 co-precipitated was greatly reduced
for the mutants relative to the WT (Fig. 2C). At either
temperature, similar amounts of SUR1 (Fig. 2A) and
Kir6.2 (data not shown) were expressed in the crudeFig. 3. Mutant channels show normal responses to azide and diazoxide ac
courses of currents measured at 80 mV from oocytes expressing WT and
indicated drugs (NaAz: 3 mM sodium azide; Dzx: 340 lM diazoxide; Gb: 10
mutant SUR1/Kir6.2 channels to azide and diazoxide activation. All values w
required to reach half of the maximally azide activated current (t1/2 for WT =
activated current is the maximum current obtained in the presence of azide m
(Iaz for WT = 14.53 ± 2.66 lA; A116P = 15.96 ± 3.98 lA; V187D = 14
activated by diazoxide divided by the current activated by azide (Idzx/Iaz for W
were cultured at 18 C (also for experiments shown in Figs. 4–6).membrane fraction. Therefore, these mutations must indi-
rectly aﬀect subunits association by causing misfolding in
SUR1, when the proteins are expressed at 37 C. Hence,
our data prove deﬁnitively that either mutation impairs fold-
ing in SUR1 at 37 C, which is likely to be the molecular ba-
sis for these two mutations causing PHHI. Moreover, the
misfolding caused by these mutations is temperature sensitive
and can be corrected at low temperature such as 18 C. Since
misfolded mutant proteins are usually retained in the ER and
subsequently degraded, this can explain why the two mutants
are immature glycosylated at 37 C [14].
We have previously shown that A116P or V187D mutation
abolished the association between TMD0 and Kir6.2 at 18 C
[5], which seems to contradict with our current result obtained
at the same temperature. However, the published and the pres-
ent data were obtained in the context of TMD0 and the full
length SUR1, respectively. We suggest that rescue in the fold-
ing of these two mutants at 18 C requires the presence of the
SUR1 core domain.
3.3. Mutant and the WT channels show indistinguishable channel
properties at 18 C suggesting folding defect is completely
corrected
It is possible that A116P and V187D mutations still cause
small conformational changes in SUR1 that are not detected
by immunoprecipitation when expressed at 18 C. To investi-
gate whether these mutations cause subtle structural changes
in SUR1 at 18 C, more sensitive electrophysiological assays
were employed. Firstly, TEVC was used to measure the cur-
rents stimulated from oocytes expressing WT and mutant
channels under metabolic inhibition and the responses of the
currents to KATP channel modulators. At 80 mV, inward
currents obtained from unstimulated oocytes expressing WT
and mutant SUR1/Kir6.2 channels were small (Fig. 3A) andtivation as well as glibenclamide inhibition. (A) Representative time
mutant channels using TEVC. Bars represent the application of the
nM glibenclamide). (B) Histograms showing the responses of WT and
ere normalized to those of the WT. t1/2 for azide activation is the time
264 ± 10 s; A116P = 246 ± 10 s; and V187D = 277 ± 10 s; n = 6). Azide
inus the background current remained in the presence of glibenclamide
.18 ± 2.80 lA). Diazoxide/azide activation is the ratio of the current
T = 0.95 ± 0.08; A116P = 0.92 ± 0.13; V187D = 1.12 ± 0.10). Oocytes
Fig. 4. Mutant channels show normal sensitivity to ATP. (A) Representative current traces obtained at 100 mV from patches excised from oocytes
expressing WT or A116P SUR1/Kir6.2 channels (trace for V187D mutant channels were not shown). Bath solution contained 0 ATP and the
speciﬁed concentrations of ATP were applied as indicated. Dashed lines corresponded to zero-current. (B) ATP dose response curves for WT, mutant
channels. The solid lines were best ﬁt to the Hill equation: I/I0 = k
n/(kn + xn), where I = current at x lM ATP; I0 = current at zero ATP; n = Hill
coeﬃcient; k = IC50. The obtained values for k (lM) and n are: 16.71 ± 0.88 (k) and 1.43 ± 0.09 (n) for WT; 12.17 ± 0.25 and 1.17 ± 0.03 for A116P;
11.21 ± 0.22 and 1.42 ± 0.04 for V187D.
Table 1
Single channel parameters for WT, A116P and V187D SUR1/Kir6.2
channelsa
SUR1 + Kir6.2 A116P + Kir6.2 V187D + Kir6.2
sc1 (ms) 0.36 ± 0.002 0.43 ± 0.007 0.38 ± 0.007
sc2 (ms) 9.36 ± 2.238 7.28 ± 1.711 10.37 ± 2.895
sc3 (ms) 63.12 ± 14.543 42.92 ± 7.702 71.31 ± 37.949
ac1 0.969 ± 0.006 0.961 ± 0.008 0.975 ± 0.0006
ac2 0.025 ± 0.007 0.025 ± 0.005 0.016 ± 0.003
ac3 0.006 ± 0.002 0.014 ± 0.003 0.009 ± 0.003
so (ms) 1.31 ± 0.042 1.47 ± 0.027 1.46 ± 0.056
sb (ms) 67.66 ± 11.93 68.92 ± 17.77 77.96 ± 4.06
Po 0.595 ± 0.034 0.554 ± 0.047 0.583 ± 0.022
i (pA) 6.05 ± 0.43 6.07 ± 0.06 6.26 ± 0.17
a
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shown). Metabolic inhibition caused by 3 mM sodium azide
activated inward currents from all three groups of oocytes with
similar kinetics (similar t1/2 for azide activation) and magni-
tudes (azide-activated currents) (Fig. 3). Azide-activated cur-
rents from all three groups could be further stimulated by
diazoxide (340 lM) with similar percentage increments (diaz-
oxide activated current/azide activated current). Furthermore,
WT and mutant channels were all similarly inhibited by gliben-
clamide (10 nM).
Next, the ATP sensitivity of the mutant and WT channels
was measured. Macropatches were excised from oocytes and
currents were measured while the macropatches were exposedFig. 5. Mutant channels show normal single channel current ampli-
tudes and opening probability. Representative single channel record-
ings obtained for WT and mutant channels were shown, in two
diﬀerent time scales. All-points histogram was obtained for each
channel from a 2-min segment of the single channel recording. The
dotted lines represent the current levels correspond to the closed (c)
and open (o) states. The single channel current amplitude (i) and
opening probability (Po) analyzed for the chosen 2-min current
recordings were shown.
Explanations of the symbols can be found in the legends of Figs.
5 and 6.to diﬀerent ATP concentrations (Fig. 4A). Our results
showed that WT and mutant SUR1/Kir6.2 channels had
similar IC50 (10–15 lM) and Hill coeﬃcients (1.0–1.5)
(Fig. 4B). Therefore, when expressed at 18 C, the two muta-
tions do not aﬀect the ATP sensitivity of the SUR1/Kir6.2
channels.
Lastly, we investigated the eﬀect of A116P and V187D muta-
tions on the single channel characteristics of the SUR1/Kir6.2
channels. Single channel recordings were obtained for WT and
mutant channels at 100 mV under ATP-free condition
(Fig. 5). All-points histograms indicated that the mutations
did not aﬀect the single channel current amplitude (i =
6 pA) (Fig. 5 and Table 1). A detailed single channel kinetics
analysis on the WT and mutant channels indicated that these
two mutations have no eﬀect on the single channel properties
of the SUR1/Kir6.2 channels (Fig. 6 and Table 1).
Taken together, our extensive electrophysiological charac-
terization demonstrated that the two mutants have com-
pletely recovered WT channel properties at 18 C. These
ﬁndings are striking and suggest that misfolding of SUR1
caused by these mutations at 37 C is completely rescued at
18 C.
Fig. 6. Single channel kinetics for WT and mutant channels are similar. Distributions of closed times (A), open times (B) and burst durations (C) for
WT and mutant channels were plotted according to Sigworth and Sine [15]. Closed times (c), open times (o) and burst durations (b) were ﬁtted with 3
(c1–c3), 1 and 1 exponentials, respectively. In (A), s refers to the speciﬁed mean open or closed time and a refers to the area of the speciﬁed
component.
K. Yang et al. / FEBS Letters 579 (2005) 4113–4118 41174. Conclusion
Our data prove that A116P and V187D disrupt the associa-
tion between the two KATP channel subunits by causing mis-
folding in SUR1 at physiological temperature (37 C).
Misfolding and functional defects caused by these mutants
are temperature sensitive and the function of these two mu-
tants can be completely rescued at 18 C. Trapping of these
two misfolded mutant SUR1 proteins in the ER is the most
likely explanation that they are core glycosylated forms at
37 C.
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